Purpose of Review Ultrasound (US) is an increasingly popular imaging modality currently used both in clinics and operating rooms. The purpose of this review is to appraise literature describing traditional lateral ankle stabilization techniques and discuss potential advantages of US-guided ankle lateral ligament stabilization. In addition, albeit limited, we will describe our experiences in perfecting this technique. Recent Findings To date, the modified open Broström-Gould technique remains as the gold standard surgical treatment for chronic ankle instability (CAI). In the past decade, modifications of this technique have been done, from a combination of arthroscopic and open procedure to an all-inside arthroscopic technique with a goal of minimizing wound complications, better outcomes, and earlier return to activity. Recently, the use of US as an adjunct to surgical procedures has gained popularity and several novel techniques have been described. The use of US in lateral ankle stabilization could allow accurate placement of the suture anchor at the anatomical attachment of the anterior talofibular ligament (ATFL) without iatrogenic damage to the neurovascular structures such as anterolateral malleolar artery, superficial peroneal nerve, and sural nerve. Summary In summary, the use of US in ankle lateral ligament stabilization is a promising new micro-invasive technique. The theoretical advantages of US-guided ankle lateral ligament stabilization include direct visualization of desired anatomical landmarks and structures which could increase accuracy, decrease iatrogenic neurovascular damage, minimize wound complications, and improve outcomes.
Introduction
Ankle sprains comprise 85% of all ankle injuries and are the most common injury accounting for 14-21% of all sports injury. The lateral ligament complex (LLC) of the ankle has three main structures: the anterior talofibular ligament (ATFL), calcaneofibular ligament (CFL), and posterior talofibular ligament (PTFL) [1•, 2]. A recent anatomic study by Vega et al. proposed the presence of the lateral fibulotalocalcaneal ligament complex which connects ATFL and CFL as a stabilizing structure of the lateral ankle [3••]. Tearing, stretching, and recurring sprains of these ligaments can result in chronic ankle instability (CAI). The ATFL is involved in 90% of all lateral sprains, whereas the CFL is involved in 50 to 75% of these sprains and the PTFL less than 10%. Conservative treatment with functional rehabilitation therapy remains as the standard of care for acute ankle sprains [1•, 2]. Approximately 74% of acute ankle sprains result in persistent symptoms, 30% of which progress to CAI [4••]. CAI is defined as the perception of recurring "giving way" of the ankle accompanied with a plethora of symptoms including recurrent sprains, pain with activity, swelling, difficulty walking on uneven ground, and avoidance of activities leading to persistent disability [1•, 2, 4••].
This article is part of the Topical Collection on Management of Ankle Instability
Surgical intervention may be warranted when patients with CAI fail to improve with conservative treatment. Many surgical techniques to stabilize the LLC have been proposed. These procedures are categorized into non-anatomic and anatomic repair or reconstruction. Early surgical techniques were nonanatomic reconstruction of the LLC proposed by Evans, Chrisman-Snook, Watson-Jones, and Castaing [1•, 5-7•]. These techniques required peroneal tendons to be sacrificed and used as grafts to restore ankle stability. However, the results were suboptimal both from clinical and biomechanical standpoints, with recurrent instability due to altered ankle biomechanics, persistent pain, and stiffness [5-7•] . Anatomic open surgical technique was later developed by Broström, wherein the native ATFL and CFL were imbricated together with ankle joint capsule [7•]. Gould later modified this procedure by adding the inferior extensor retinaculum (IER) as part of the repair [8, 9] . The simplicity of the procedure and restoration of physiologic joint anatomy and kinematics offered better outcomes and patient satisfaction compared to nonanatomic techniques. Thus, the modified open Broström-Gould technique remains the gold standard surgical treatment for CAI to date [1•, 6, 8, 9] . In recent years, arthroscopic ankle evaluation has been routinely performed followed by open procedures. Arthroscopic evaluation is performed in order to address simultaneous intra-articular pathological entities such as impingement lesions, ankle synovitis, intra-articular loose bodies, talar osteochondral lesions, and medial ankle tenosynovitis [10] [11] [12] . Subsequently, physicians moved toward arthroscopic evaluation with mini-open repair of lateral ligaments utilizing staples, suture anchors, thermal shrinkage, and plication. Recently, completely arthroscopic or "all-inside" techniques have been developed and the use of these procedures has been rapidly increasing [11, 13, 14] .
Musculoskeletal ultrasound (MSK US) represents a cost effective, readily-available imaging modality that are both diagnostic and interventional [15-18•] . Interventional US refers to the use of a real-time guidance in order to perform various procedures such as local injections, aspirations, or biopsies. In some places, US guidance is used in place of conventional operative procedures. To distinguish these from arthroscopic procedures which are frequently referred to as "minimally invasive," these US-guided surgical procedures are sometimes referred to as micro-invasive surgery [15, 17] . Once one is familiar with regional anatomy, or sono-anatomy, microinvasive surgical procedures appear to be as safe as their conventional alternates. In theory, a real-time visualization of vital structures in the region affords added safety and accuracy compared to conventional surgery where visualization of these structures is not possible. In addition to being less invasive, existing micro-invasive surgeries are generally performed faster due to the use of local anesthetic as opposed to regional or general. Therefore, some micro-invasive surgeries result in a faster recovery and a reduction of pain medication use [19] [20] [21] [22] [23] . The evolution of US-guided surgical techniques has been described, from procedures where US is utilized to guide a conventional needle to perform traditional surgical procedures percutaneously, to US-guided procedures wherein special needles or devices are used to cut or release the target structures. Several authors continue to describe novel USguided micro-invasive surgical techniques in the upper and lower extremities [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Although there are no English publications describing repair or reconstruction procedures that have been completely converted to US-guided procedure, some novel techniques have been reported such as USguided percutaneous mini-open repair of the Achilles tendon [34, 35•] and medial patellofemoral ligament (MPFL) [36] .
Recent systematic reviews have shown that US is a valuable diagnostic tool for detecting CAI, ATFL injuries in particular [4••, 37, 38•]. However, to the best of our knowledge, previous studies regarding US-guided repair or reconstruction techniques of the LLC of the ankle are limited. The purpose of this review is to appraise literature describing traditional lateral ankle stabilization techniques and discuss potential advantages of US-guided ankle lateral ligament stabilization. In addition, albeit limited, we will describe our experiences in perfecting this technique. , and iatrogenic damage to these nerves could be avoided. The use of US to determine the course of the SPN was shown to be better than gross visualization/palpation in a cadaver study [40•]. Also, we could possibly reduce wound complication rate with "microinvasive" nature of US-guided lateral ligament stabilization with one 5-mm incision.
US-Guided Ankle Lateral Ligament Stabilization
Some authors pointed out that anchor insertion in arthroscopic procedures was often placed proximal to the anatomical ATFL attachment site of the fibula [41, 42••]. Teramoto et al. showed in their cadaveric study that the distance of markings made at the distal margin of the lateral malleolus under arthroscopy was 7-10 mm away from the center of the ATFL attachment site [42••]. In our retrospective analysis of 22 procedures of lateral ligament repair of the ankle, the distance of anchor placement from the anatomical ATFL attachment site in the US-guided procedure was noninferior to open procedures. With the fibular obscure tubercle (FOT) as a reference point, the mean distance between the anchor and FOT was 6.0 ± 2.7 mm in open procedures, and 7.4 ± 2.5 mm in the US-guided procedure respectively. The mean differences between the two techniques (open-US guided) were − 1.5 mm (95% confidence interval 1.0 to − 3.9). The confidence interval was smaller than the noninferiority margin (4 mm) [43••]. Thus, US-guided anchor placement could be more anatomically accurate than the conventional arthroscopic Broström procedure.
US Evaluation Protocol for Lateral Ligament Complex (LLC) of the Ankle
After acute ankle lateral ligament injury, the initial treatment is usually conservative, such as functional rehabilitation [1•, 2]. An incidence of 5 to 33% of patients experience pain and instability after ankle sprain [44] . Surgical management is warranted in these situations. The investigators of CAI described two subgroups: mechanical instability and functional instability. Mechanical instability is thought to result from various anatomic changes that may exist in isolation or in combination such as laxity caused by ligament tears. These changes are proposed to lead to insufficiencies that predispose the person to further episodes of instability. Functional instability is proposed to result from functional insufficiencies such as impaired proprioceptive and neuromuscular control after ankle sprain. Both mechanical and functional instabilities are difficult to distinguish as they often occur in combination during the development of CAI [2, 45]. The former is evaluated with physical examinations and imaging modalities including US, and sometimes requires surgical stabilization. The latter is managed with functional rehabilitation, which addresses impaired proprioception and incoordination of dynamic stabilizers of ankle.
During the US evaluation of the mechanical instability of the ATFL, the patient assumes a sitting position with the heel of the injured ankle hanging on the edge of examination bed [46•] or examiner's knee. The ankle is maintained in the naturally plantarflexed (30 to 40°) position. The probe is placed at the distal edge of the lateral malleolus almost in parallel with the sole. In this position, a long-axis view of ATFL can be visualized, and the weight of the lower limb can place the ankle in the anterior drawer stress to evaluate mechanical instability ( Fig. 1a-d) [46•]. The anterior branch of the peroneal artery, which is often called the anterior lateral malleolar artery and provides vascular supply to the ATFL [47•, 48], is identified with color doppler mode (Fig. 1c ). The CFL is evaluated in a prone position with the ankle maximally dorsiflexed. The US probe is placed on the oblique coronal plane to visualize the long-axis view of the CFL for thickness, echogenicity, and continuity ( Fig. 2) [49•]. In the CFL with normal tension, the peroneal tendons are elevated toward the probe during dorsiflexion of the ankle [50]. US-guided lateral ligament stabilization is considered if any pathologic finding is detected in ATFL and/or CFL by US (Fig. 3) , and patients experience recurrent instability after intensive functional rehabilitation.
Surgical Technique
The patient is placed in a supine position with the affected leg internally rotated. A bump is placed under the buttocks to keep the leg internally rotated. A sterilized wedge surgical cushion is placed under the calf as a counter during distraction when arthroscopic procedures for intra-articular lesions are performed. Standard high frequency linear transducers (> 12 MHz) or hockey stick probes are used. It is easier to perform this procedure with the hockey stick probe because of its superior controllability and visualization of the ATFL and anterior lateral malleolar artery. In a case of severe mechanical instability (namely, both ATFL and CFL are abnormal), however, standard linear transducers are employed to visualize the sinus tarsi as well as the ATFL to place multiple sutures.
1. The tibiotalar joint is then infiltrated using 20 cc of epinephrine or lidocaine with epinephrine while visualizing the long axis of the ATFL with out-of-plane technique with 25G needle. The local infiltrates such as epinephrine and lidocaine allow us to improve the visualization of the ATFL with US by separating the ATFL from surrounding tissues.
While visualizing the ATFL in a long-axis view, a large
spinal needle with a curved tip such as the Micro SutureLasso™ minor bend (Arthrex, Florida) is passed under the ATFL with out-of-plane technique ( Fig. 4a, b) , paying attention to the anterior lateral malleolar artery. Once the needle tip becomes visible below the ATFL, the probe is rotated 90°to scan the short-axis view of ATFL, and then the needle is advanced just proximal to peroneal tendons ( Fig. 4c, d ). By passing the needle below ATFL and perpendicular to the long axis of the ATFL under US guidance, we place sutures in the same manner as the arthroscopic all-inside ATFL repair technique
The needle position should be in close proximity to the peroneal tendons, which enables us to pass sutures into the lateral fibulotalocalcaneal ligament complex [3••] to lift up elongated ATFL.
3. Also, the sural nerve can be avoided since it runs distal to the peroneal tendons. The wire of the Micro SutureLasso™ is deployed after the needle tip penetrates the subcutaneous tissue and skin. The second wire can then be placed along with the long axis of ATFL under US guidance, again attempting not to damage the anterior lateral malleolar artery. 4. After confirming a bony landmark of the fibular attachment of the ATFL, a 5-mm skin incision with no. 11 blade is made 45°to the long axis of the fibula and 1 cm distal-medial to the anatomical attachment of the ATFL. Blunt dissection with a mosquito forceps is carried down to the intra-articular area between the fibula and talus ( Fig. 5a , b). A suture anchor is placed at the anatomical attachment of the ATFL after bringing the outer trocar to the attachment of the ATFL under US guidance ( Fig.  5c-e ). 
Rehabilitation
Despite micro-invasive nature of this procedure, rehabilitation program is similar to that of conventional arthroscopic and open stabilization since the time period required for biological healing process would be the same. It consists of three phases: phase 1 (0-4 weeks) focuses on restoring full range of motion with a brace after weaning off crutches and splint in 2 weeks; phase 2 (4-8 weeks) focuses on restoring strength and proprioception in the brace; phase 3 (8-12 weeks) focuses on implementing a sport-specific functional progression program, starting with jogging and ending up with return to sport or work-related activity by the end of phase 3 [1•].
Limitations
US-guided procedures are operator-dependent; thus, the physicians should be skilled in handling and operating US machines. Also, US view is limited to superficial structures of the ankle; therefore, if additional intra-articular pathologic is present, they cannot be appreciated or treated using US only.
Conclusions
Ultrasound is a useful adjunct to traditional surgical procedures for CAI. With US guidance, direct visualization of desired ankle anatomical landmarks and structures could increase accuracy, thus reducing surgical time, decreasing the incidence of iatrogenic damage to neurovascular and other soft tissue structures, minimizing wound complications, and improving outcomes. Despite the steep learning curve, fundamental knowledge in the use of US equipment and knowledge of the anatomy of lateral ankle make ultrasound-guided ankle lateral ligament stabilization reproducible. The purpose of this study was to describe in detail the components of the lateral collateral ligament complex-ATFL and CFL-and determine its anatomical relationships. Methods An anatomical study was performed in 32 fresh-frozen below-theknee ankle specimens. A plane-per-plane anatomical dissection was performed. Overdissecting the area just distal to the inferior ATFL fascicle was avoided to not alter the original morphology of the ligaments and the connecting fibers between them. The characteristics of the ATFL and CFL, as well as any connecting fibers between them were recorded. Measures were obtained in plantar and dorsal flexion, and by two different observers. Results. the ATFL was observed as a two-fascicle ligament in all the specimens. The superior ATFL fascicle was observed intra-articular in the ankle, in contrast to the inferior fascicle. The mean distance measured between superior ATFL fascicle insertions increases in plantar flexion (median 19.2 mm in plantar flexion, and 12.6 mm in dorsal flexion, p<0.001), while the same measures observed in the inferior ATFL fascicle does not vary (median 10.6 mm in plantar flexion, and 10.6 mm in dorsal flexion, n.s.). The inferior ATFL fascicle was observed with a common fibular origin with the CFL. The CFL distance between insertions does not vary with ankle movement (median 20.1 mm in plantar flexion, and 19. 9 mm in dorsal flexion, n.s.). The inferior ATFL fascicle and the CFL were connected by arciform fibers, that were observed as an intrinsic reinforcement of the subtalar joint capsule. Conclusion The superior fascicle of the ATFL is a distinct anatomical structure, whereas the inferior ATFL fascicle and the CFL share some features being both isometric ligaments, having a common fibular insertion, and being connected by arciform fibers, and forming a functional and anatomical entity, that has been named the lateral fibulotalocalcaneal ligament (LFTCL) complex. The clinical relevance of this study is that the superior fascicle of the ATFL is anatomical and functionally a distinct structure from the inferior ATFL fascicle. The superior ATFL fascicle is an intra-articular ligament, that will most probably not be able to heal after a rupture, and a microinstability of the ankle is developed. However, when the LFTCLis injured, classical ankle instability resulted. In addition, because of the presence of LFTCL complex, excellent results are observed when an isolated repair of the ATFL is performed even when an injury of both the ATFL and CFL exists. and articles that were peer reviewed and published in the English language. Databases searched: CINAHL, PubMed, Medline, Medline Plus, Science Direct, OVID, Cochrane, and EBSCO. Titles and abstracts of the 1,420 articles were screened for the inclusion criteria by two independent raters, with discrepancies solved by a third rater. The modified 14-point Quality Assessment of Diagnostic Accuracy Studies (QUADAS) scale was used to assess methodological quality of included articles. Results: Six high quality articles were included in this systematic review, as indicated by high scores on the QUADAS scale, ranging from 10 to 13. Sensitivity of US ranged from: 84.6-100%, specificity of US ranged from: 90.9-100% and accuracy ranged from: 87-90.9%. The results of the included studies suggest that US is able to accurately differentiate between the grades of ankle sprains and between a lax ligament, torn ligament, thick ligament, absorbed ligament and a non-union avulsion fracture. These findings indicate that US is a reliable method for diagnosing CAI, and that US is able to classify the degree of instability Increasing collaboration between foot and ankle surgery and skilled ultrasonographers is leading to innovation in minimally invasive treatment of common diagnoses. Ultrasonic augmentation of surgery. Ultrasound has the potential to augment many aspects of traditional foot and ankle surgery. Perhaps most helpful is the ability to use ultrasound preoperatively or intraoperatively to identify soft tissue and bony structures over and above traditional palpation or landmark-guided techniques. Assistance in endoscopy is documented not just in helping with port placement but also with offering another means of visualization. Published cases and series include arthroscopy of the hallux and several techniques at the plantar fascia. Augmentation of traditional surgery techniques and tools, although promising, is not yet well established and requires a team of highly skilled interventional ultrasonographers and orthopedic surgeons to effectively apply. The sutures were all retrieved as the jig was pulled out andthe tendon ends were approximated with the foot in plantarflexion. The procedure was well tolerated by all patients, with no complaints pointing to sural nerve injury such as sensory disturbance and pain throughout their respective follow up periods. The incision sites all healed well without any wound complications such as dehiscence or local infection. Minimally invasive Achilles tendon repair continues to be accompanied by a risk of iatrogenic sural nerve injury despite the employment of measures to consciously protect the sural nerve during repair. Some authors have recommended exposure and visualization of the sural nerve during repair to minimize injury by being able to avoid it with a certain degree of confidence. Others have advocated performing the procedure just under local anesthesia to facilitate a wide-awake surgery so that the patient can generate feedback if any neural disturbance was felt during puncture or infiltration. We have shown that ultrasonography can be used in order to have indirect but real-time visualization during minimally invasive Achilles tendon repair. This can be achieved with the patient comfortable under general or spinal anesthesia, without having to ask feedback regarding neural disturbances throughout the surgery. This also avoids additional incisions and soft tissue trauma just to directly visualize the sural nerve in order to avoid it. Under ultrasound guidance, it was ensured that the needle was always deep to sural nerve each time it passed through the lateral side of the Achilles tendon. With these encouraging results, we highly recommend this method to avoid iatrogenic sural nerve injury during minimally invasive repair of the Achilles tendon. The purpose of the present study was to assess whether visual inspection and palpation of the cutaneous nerves at the ankle differed from examination with ultrasonography and whether the 2 examination techniques correlated with the anatomic location of the SPN, which was verified by cadaver dissection. First, visual examination and palpation was performed to identify the SPN, after which 12 cadaver legs from separate specimens were examined with ultrasonography to mark the course of the SPN. We then measured the distance between the nerve as identified with gross visualization/palpation and ultrasound examination, and compared these with the precise location determined by anatomic dissection. The use of ultrasonography to determine the course of the SPN was good or excellent in 11 of the 12 legs (91.7%) studied. In contrast, gross visualization/ palpation was good or excellent in 4 legs (33.3%). Excellent agreement was observed between the ultrasound markings and the anatomic dissection results. However, the visual examination poorly identified the course and the anatomic variations of the nerve branches evidenced in the anatomic dissection. From these findings in cadaver specimens, ultrasound identification of the SPN and its branches is likely preferable to gross visualization/palpation before The purpose of this study was to evaluate the relationship between the lateral malleolus view under ankle arthroscopy and the anterior talofibular ligament (ATFL) attachment site. Methods: Seven normal ankles from Thiel-embalmed cadavers were investigated. Ankle arthroscopy was performed using a 2.7-mm-diameter, 30-degree, obliqueviewing endoscope. An antero-medial portal (AM), a medial midline portal (MML), and an antero-central portal (AC) were created in order, and the ankle arthroscope was inserted. The lateral malleolus was visualized as distally as possible, and the site that appeared to be the distal margin was marked with a 1.5-mm-diameter K-wire. Visualization with arthroscopy was carried out from all portals to mark the distal margin, and the ankle was subsequently exposed to directly measure the distance from the center of the ATFL attachment site at the fibula to each marking. Results: The distances from the ATFL attachment site to the markings made under arthroscopy from the AM, MML, and AC portals were 10.4 ± 2.6 mm, 7.4 ± 1.9 mm, and 7.3 ± 1.9 mm, respectively. Compared to markings made from the MML or AC portal, the marking made from the AM portal was significantly further away from the ATFL attachment site. Conclusions: A typical ankle arthroscopy portal may not allow complete visualization of the tip of the lateral malleolus, indicating that it may not be feasible to thoroughly observe the ATFL attachment site. It is necessary to perform arthroscopic surgeries with the understanding that the distal margin of the lateral malleolus that appears under ankle arthroscopy is 7e10 mm proximal to the ATFL attachment site. 43.•• Hattori S, Kumai T, Ohuchi H. Ultrasound-guided repair of anterior talofibular ligament: anatomical accuracy of anchor placement. Non-inferiority. Abstract. 2019. The 31st Annual Meeting of the Japanese Society of Orthopedic Ultrasonics. The purpose of this study was to evaluate the accuracy of anchor placement in ultrasound-guided anterior talofibular ligament repair (USG ATFLR). Method: We included those underwent open ATFLR and those with USG ATFLR. The distance between the distal anchor and the fibular obscure tubercle (FOT) in 3DCT was measured. We considered that the distance of USG ATFLR would be non-inferior to open ATFLR within 5 mm. Result: We had 11 cases of open ATFLR and 10 USG ATFLR. The mean distance between anchor and FOT was 6.0 ± 2.7 mm in open ATFLR and 7.4 ± 2.5 mm in USG ATFLR respectively. The mean differences of two techniques were − 1.5 mm (95% confidence interval 1.0 to − 3.9). The CI was smaller than the noninferiority margin (5 mm). Conclusion: Anchor placement under USG ATFLR can be anatomically accurate. anchor is loaded with the suture, and the anchor and suture are introduced with the ankle in dorsiflexion and valgus. Postoperatively, the ankle is immobilized with a removable walking boot for 4 weeks. Once use of the walking boot is discontinued, physical therapy is started. Rationale: The described technique has the advantage of being done with a minimally invasive approach and providing an anatomical repair of the ligament. Concomitant intra-articular pathology can be addressed during the procedure through the same arthroscopic approaches. Early rehabilitation and the lack of intra-articular knots areadditional benefits of the technique. 52.• Takao M, Matsui K, et al. Arthroscopic anterior talofibular ligament repair for lateral instability of the ankle. Knee Surg Sports Traumatol Arthrosc. 2016;24:1003-6 Although several arthroscopic procedures for lateral ligament instability of the ankle have been reported recently, it is difficult to augment the reconstruction by arthroscopically tightening the inferior extensor retinaculum. There is also concern that when using the inferior extensor retinaculum, this is not strictly an anatomical repair since its calcaneal attachment is different to that of the calcaneofibular ligament. If a ligament repair is completed firmly, it is unnecessary to add argumentation with inferior extensor retinaculum. The authors describe a simplified technique, repair of the lateral ligament alone using a lasso-loop stitch, which avoids additionally tighten the inferior extensor retinaculum. In this paper, it is described an arthroscopic anterior talofibular ligament repair using lasso-loop stitch alone for lateral instability of the ankle that is likely safe for patients and minimal invasive. Level of evidence Therapeutic study, Level V.
Compliance with Ethical Standards

Lapeque P, Andrei
Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
